Abstract-In this paper, different beamforming techniques are employed in the wide-band code-division multiple-access base station, and their uplink and downlink signal-to-(interference plus noise) ratio (SINR) performances are compared. It is found that the direction of arrival (DOA) method and the complex conjugate method almost have the same uplink SINR performance, but the complex conjugate method will shift the downlink main beam direction slightly due to the difference between the uplink and downlink carrier frequency. However, the degradation in the downlink mean SINR performance is less than 1 dB compared with that obtained by the DOA method. In the downlink, the SINR performances obtained by the single-beam method and multiple-beam beamforming technique are compared. It was found that the single-beam method has a poorer SINR performance in the low SINR region because it is more likely to suffer from deep fading. In the moderate or high SINR region, the single-beam method has a much better SINR performance because it has a higher gain in the main path direction and a smaller angular coverage of the mainlobe, which will result in a stronger signal level and smaller multiple-access interference at the mobile receiver.
I. INTRODUCTION

I
N THE code-division multiple-access (CDMA) system, multiple users use different code sequences to share the same frequency band at the same time. Due to the imperfect orthogonality among the different code sequences, multiple-access interference (MAI) is a major limitation to the channel capacity. Beamforming is a technique that can be used to focus the antenna beam to the desired user so that the signal-to-(interference plus noise) ratio (SINR) can be increased. RAKE combining is a technique that effectively utilizes the multipath energy so that the fading effect can be reduced and the signal power can be enhanced. Both beamforming and RAKE combining can effectively increase channel capacity.
In the wide-band CDMA (W-CDMA) system, an antenna array at the base station can be utilized to form beam patterns for the uplink and downlink. In the uplink, the received signal is first processed by a matched filter so that the chip positions (or time delays) of the dominant multipaths of the desired user can be determined. The antenna array is then used to determine the direction of arrival (DOA) of the multipath or to form a beam pattern so that the desired signal can be constructively enhanced.
In the downlink, the antenna array has to focus the beam to the desired user. However, because in the uplink and downlink, the carrier frequencies are different, and the fading effect can be uncorrelated in the short term, the beamforming effect can be different if the same weighting sets are used in both the uplink and downlink. Several beamforming methods have been proposed and compared [1] - [4] . In particular, the complex conjugate method is based on the concept of retrodirectivity. It has the advantage that no additional computation loading is required in the uplink and downlink beamforming. However, the different carrier frequencies can degrade the downlink beamforming performance. To overcome this beamforming degradation, we can first determine the DOA of each dominant path of the desired user and then use the array manifold to calculate the required weighting factor for downlink. This method will increase the computation load and memory for signal processing. Since the fading effect may be uncorrelated for the uplink and downlink, it is interesting to compare the transmission performance when different beamforming algorithms are employed.
In this paper, we will compare the SINR performance obtained by different beamforming methods. We will apply a suitable propagation model and numerically calculate the SINR statistics for both uplink and downlink when different beamforming methods are used. In Section II, we will briefly describe an algorithm for channel parameter estimation and the twodimensional (2-D) RAKE receiver of the base station. In Section III, we will describe several beamforming methods and discuss their merits and drawbacks. In Section IV, we will use the desired propagation model to compare numerically the SINR statistics for different beamforming techniques. Discussion and conclusions will be given in Section V.
II. ALGORITHM FOR CHANNEL PARAMETERS ESTIMATION
In the W-CDMA system proposed by ETSI [5] , the known pilot bits can be used as the reference signals for channel parameter estimation. In the uplink, the data and pilot are separately binary phase-shift keying modulated on the I-and Q-channel, respectively. The binary data and pilot bits are spread using different orthogonal variable spreading factor codes to preserve orthogonality between the data and pilot channels. Different mobile users use different uplink scrambling codes to create a unique traffic channel. If we neglect the mutual interference between the data and pilot channels, the signal received at the base station can be separated into the I-and Q-channels. The Q-channel is used to estimate the channel parameters. Assume that the channel is frequency selective. Signals transmitted from the users are received by an -element antenna array for uplink signal reception. With perfect instantaneous power control, an equivalent complex baseband expression of the composite received signal vector at time is given by (1) at the bottom of the page and for all (2) where it is assumed that there are users (one desired and 1 interfering users). The th user has propagation paths. The parameters , , , and are, respectively, the uplink amplitude, phase shift, time delay, and angle of arrival of the th multipath component from the th user.
is the th bit value, is the spreading waveform assigned to the th user, and is the bit period. The column vector is the array response vector corresponding to the path arriving on angle , where is a complex number denoting the amplitude gain and phase shift of the signal at the ( 1)th antenna relative to that at the first antenna.
is the channel vector and is the additive white Gaussian noise (AWGN) vector. is the desired total received power from the th user and is assumed to be constant for all because of perfect instantaneous power control.
Without loss of generality, assuming that the first user is the desired user and code synchronization has been established, the output of the matched filter (or called delay profile) can be written as (3) where is the self-interference signal vector due to other multipath components of the desired user, is the MAI vector, and is due to the thermal noise vector. The output of the matched filter is used to distinguish the desired signal from the cochannel interference, and its time resolution is about the chip interval . Despite the fact that the desired signal can be enhanced by a factor of the processing gain , the most significant path components in the matched filter output may come from the undesired users. The larger the number of simultaneous users is, the poorer the received signal will be. The net interference severely limits the multiple-access capacity of the CDMA system. It was recognized that CDMA capacity is interference limited, and any reduction in interference converts directly and linearly into an increase in capacity [6] . To effectively reduce interference and provide accurate time bins for RAKE combining, the long scrambling code is adopted to average out the MAI signals. The block diagram of channel parameter estimation is shown in Fig. 1 .
Assume that a time slot contains pilot bits and consider the slow fading multipath channels. The delay profile for each pilot bit (in one slot time) is first obtained. Under the assumption that the long scrambling code is used, the MAI for each pilot (1) bit can be modeled as independent Gaussian noise [7] , [8] . It is also noted that during a time slot period (0.625 ms), the total phase change of the desired signal due to Doppler shift is small. Therefore the consecutive delay profile can be coherently integrated and averaged to obtain the mean delay profile. With this approach, the mean delay profile at the th antenna element is given by (4) where represents the matched filter output of the th pilot bit for the th antenna element. It is noted that in the mean delay profile, for those time bins corresponding to the delay times of the desired user's multipath, their magnitudes will be increased by times after coherent integration. For all other bins, their magnitudes will be averaged out because the phases of the cross-correlation noise for different pilot bits are randomly distributed due to the characteristics of long scrambling code. In addition to coherent integration, the mean delay profiles can be exploited to further reduce the MAI signals and improve the multipath fading across the array elements. With this approach, we can noncoherently integrate the absolute value of the mean delay profile over the elements as follows:
After noncoherent integration of (5), the fading effect across the array can be reduced substantially and the SINR can be improved significantly (9), (10). Then we can set a threshold and choose the desired time bins from the mean absolute delay profile of (5). The mean delay profile values of each array element at the selected time bins can be employed to calculate the beamforming weights for uplink and downlink. They can also be used to find the DOA of the desired multipaths. For example, by applying the Fourier transform to the mean delay profile with respect to the selected time bins, positions of the peaks give the estimation of the DOAs, and amplitudes of the peak values give the estimation of the path gains and phases of multipaths.
After the bin positions of the dominant paths of the desired user have been detected, the data signals in the I-channel are passed through 2-D RAKE correlators that are matched to the channel response of the transmitted waveform. The structure of the 2-D RAKE receiver is shown in Fig. 2 . The signals received by each array element are first passed through correlators. Each correlator is matched to the desired user's code with a time shift equal to the time delay of the desired signal paths. These correlator outputs are then passed through a beamformer to further enhance the desired signal.
Several beamforming techniques have been proposed. Among these techniques, the complex conjugate method is the simplest one. It is based on the concept of retrodirectivity. The method is described as follows.
1) In the Q-channel, we have obtained the mean delay profile of each element, which is calculated by (5) . Denote the value sampled at the estimated delay time by .
2) The correlator output of the th element in the I-channel is then multiplied by the complex conjugate of . 3) Coherently integrate all the multiplication values. This is the output of the th beamformer. 4) The RAKE combiner then coherently combines the beamformer outputs. The beamforming can also be obtained by multiplying the correlator output of each element by an array factor formed by the DOA of the desired path. The DOA of the desired path can be obtained by applying the Fourier transform to the sample value in the Q-channel. Denote the estimated DOA and amplitude of the th path as and , respectively. Then the -th correlator output is multiplied by , where is the spacing between antenna elements. With this method, the antenna array will form a beam to the DOA of the desired signal. In the RAKE combiner, the th correlator output will multiply , the complex conjugate of , and then be coherently integrated. It is noted that the DOA information can have several applications. For example, it can be used for the downlink beamforming. It can also be used to locate the mobile location [11] , [12] .
Other adaptive beamforming algorithms have been proposed to null the interference [11] . However, it is known that the maximum number of interferers that can be nulled is 1 if antenna elements are employed. In the W-CDMA environment, the number of interferers in general exceeds the number of array elements. Therefore we do not attempt to null the interferers.
After multipath parameters of the desired signals have been estimated, these data can be fed into the data channel to evaluate the SINR of the 2-D RAKE receiver. The expected SINR of the 2-D RAKE receiver can be written as SINR (6) where is the number of antenna elements, is the processing gain, is the number of fingers of the RAKE receiver, represents the array weighting vectors, , and is the summation of all undesired signals plus thermal noise at the th finger of the RAKE receiver. If we assume that the system has a perfect power control so that all users have the same power level and the MAI and noise are both temporally and spatially white, then the SINR after the 2-D RAKE receiver can be approximated by [13] SINR (7) where SNR is the uplink signal-to-noise ratio for each antenna element and is the number of active users.
III. DOWNLINK BEAMFORMING AND SIGNAL PROCESSING
In the W-CDMA/frequency-division duplex (FDD) system, there is more than 190-MHz difference between the uplink and downlink carrier frequencies. Measurement studies have indicated that multipath fading can be very sensitive to the carrier frequency. In downlink beamforming, several factors can be considered. For example, how will the performance be changed if the same element weightings as used in the uplink beamforming are used in the downlink? Should the downlink pattern be beamformed to a single dominant direction or to several multipath directions? If multiple beams were used, how will the energy ratio among different beams be decided? In the following, we will discuss several downlink beamforming algorithms. We will consider the problem from several points of view, such as the complexity of implementation, the effect of fading, and the multiple-access interference. In the downlink, denote the weighting of the th element for the desired user as . To evaluate the downlink SINR performance, we further made the following assumptions.
1) The reciprocity property holds for the uplink and downlink. Therefore, the uplink and downlink will encounter the same multipath. However, the amplitudes of each multipath component can be different due to different carrier frequencies and different radiation patterns of the uplink and downlink. 2) Only the intracell interference is considered.
3) The base station transmits the same power for each coding channel.
The beamforming algorithms to be considered are the complex conjugate method and the DOA method. The types of beams to be synthesized are the single-beam and multiple-beam types. The weightings of different combinations are described as follows.
A. The Single-Beam Complex Conjugate Method
In the uplink, from the mean delay profile obtained by (5) , choose the time bin with the largest peak value. Denote it by . The matched filter output of the th element sampled at is denoted by . For the downlink, the weighting of each element is given by (8)
B. The Multiple-Beam Complex Conjugate Method
From the uplink mean absolute delay profile of (5), choose the peak positions with the first largest values and denote these peak positions as . Denote the matched filter output of the th element sampled at as . The weighting of the th element is then given by (9)
C. The Single-Beam DOA Method
Denote the DOA of the dominant path as . The weighting of the th element is given by (10) where is the wavenumber at the downlink carrier frequency.
D. The Equal-Gain Multiple-Beam DOA Method
Suppose that the estimated DOAs of the dominant paths of the desired user are . The weighting of the th element is given by ( 
11)
E. The Maximal-Ratio Multiple-Beam DOA Method
Suppose that the estimated DOAs of the dominant paths and their corresponding magnitudes are and , respectively. Then the weighting of the th element is given by (12) To have a fair comparison, we constrain that the total radiated power to be constant for different beamforming algorithms. Therefore, each element weight should be normalized by (14) If the channel were stationary, it would be better to have a single beam because the antenna pattern will be focused to the direction with the maximum transmission. However, as the uplink and downlink fading are independent due to the different carrier frequencies, the use of a single-beam pattern will be more likely to suffer from deep fading than the multiple-beam pattern. The relation between the fourth and the fifth methods is equivalent to that of the equal-gain and maximum-ratio gain combining in the RAKE combiner. From the interference point of view, it is reasonable to assume that the DOA distribution of the undesired users is uniform if the number of users is large (for example, more than 30). It is known that the beamwidth is proportional to the antenna size or number of elements. If a single beam is used, the number of users to be interfered within the mainlobe coverage will be smaller than that when a multiple-beam is used, because the multiple-beam pattern will have a wider angular coverage.
In the next section we will use a propagation model to calculate numerically the SINR statistics when different beamforming techniques are employed in the uplink and downlink.
IV. SIMULATION RESULTS
In this section, we compare the uplink and downlink SINR performance obtained by different beamforming algorithms.
Assume that in the control channel, a slot time (0.625 ms) contains six pilot bits in the uplink and four pilot bits in the downlink and these pilot bits are used to estimate the channel parameters. Consider a uniformly spaced linear array with seven antenna elements and spacing, where is the uplink wavelength. The major uplink and downlink radio parameters of the simulations are listed in Table I . Assume that the SNR for each antenna element is 10 dB. The channel parameters about the desired user is shown in Table II also has three multipaths. Assume that the distributions of the channel parameters , , and for the undesired users are Rayleigh, uniform over [0, 2] , and uniform over [0, ], respectively, where is the maximum delay spread of the channel. Also assume that the DOA of the undesired users is uniformly distributed over [ 3, 3] . Fig. 3(a) shows an example of the output of the matched filter of an antenna element, which is obtained by using only one pilot bit. It is seen that there are many peaks and we cannot distinguish the desired signal peaks from the interfering signal peaks. If we coherently integrate the matched filter outputs over six pilot bits, the result is shown in Fig. 3(b) . One can easily find that the values of the desired paths (noted by 1, 2, 3 in the figure) have been substantially enhanced. However, there is an undesired peak that is greater than the desired peak, which will give a wrong time of arrival for RAKE combining. If we further incoherently integrate the mean delay profiles over seven antenna elements, the result is shown in Fig. 3(c) . It is noted that the undesired peak has been reduced and the desired paths can be correctly identified. Denote these times of arrival as . Next we compare the patterns formed by the complex conjugate method and the DOA method. At each estimated , we obtain the for each element. The pattern formed by the complex conjugate method can be expressed by , where . This pattern is the Fourier transform (FT) of with respect to . By the DOA method, we apply the FT to the sampled value and obtain the DOA . The beam pattern formed by the DOA method can then be expressed by . The resultant patterns obtained by the above two methods are shown in Fig. 4(a) to (c) , respectively, for . In fact, the patterns formed by the complex conjugate method and the DOA method should be identical if the SINR is significantly high. However, the pattern formed by the complex conjugate method will be degraded if the MAI is increased. One can easily find that in Fig. 4 , patterns obtained by both methods have almost the same mainlobe level, but the patterns obtained by the complex conjugate method (dashed curves) have higher sidelobe levels.
Next we demonstrate the downlink patterns formed by the five beamforming techniques stated in the previous section. Use the same parameter sets of the above example. The five downlink-synthesized patterns are shown in Fig. 5(a) and (b) . It is seen that the mainlobe directions obtained by the complex conjugate method have shifted a small value due to the difference between the uplink and downlink carrier frequencies. The pattern difference between the complex conjugate method and the DOA method is more pronounced in the multiple-beam case than in the single-beam case.
Neglect the uplink and downlink fading effect. Assume that the channel parameters of the desired user and the parameter distributions of the undesired users are the same as in the previous example. We conducted 200 independent interference simulations for each fixed number of active users. We first calculate the uplink SINR after RAKE combiner using the two-uplink beamforming techniques for each parameter set and then calculate the mean SINR averaged over the 200 simulations. The resultant mean SINR versus the number of interfering users is shown in Fig. 6 . The theoretical values [obtained by (7) ] are also shown in the figure for comparison. It is seen that both methods almost have the same performance and approach the theoretical values. This result can be explained by observing the synthesized antenna patterns of Fig. 4 . Although the two patterns have different sidelobe levels, they have almost the same mainlobe level. The sidelobes have little contribution to the SINR when the SINR is high (for example, greater than 10 dB). Therefore the resultant SINRs for both methods are almost the same.
Next we compare the downlink SINR performance obtained by the five different beamforming techniques. We assume that all users use the same beamforming techniques. We use the measured matched filter output and the derived DOA at the uplink and then apply the five downlink beamforming techniques to calculate the field, including the desired signal and interference, received at the mobile. Assume that a time slot contains four pilot bits in the downlink. For each parameter set, we calculate the downlink SINR after RAKE combiner. The mean SINRs obtained by the five techniques are shown in Fig. 7 . It is seen that the single-beam method has a much better performance than the multiple-beam method. Moreover, the DOA method gives a better performance than the complex conjugate method. This result can also be explained by observing the synthesized patterns of Fig. 5 . It is noted that the single-beam method has a higher gain in the desired path direction and smaller total angular coverage in the mainlobe. This will give a higher desired signal level and a smaller MAI in the mobile receiver.
Next we consider the fading effect of each multipath. The channel parameters of the desired user are shown in Table III. TABLE III  CHANNEL PARAMETERS OF THE DESIRED USER (WITH FADING) The desired user has three clusters of multipaths. Each cluster contains two paths. The mean DOAs of these three clusters are 40 , 0 , and 40 , respectively, and each DOA of the multipath is uniformly distributed over [ 5 , 5 ] about the respective mean DOA. Assume that the distance between the base station and the desired mobile station is 1.4 Km and that the relative time delays of multipath components are shown in Table III . We also assume that each cochannel user has six paths and that the DOAs of each path are uniformly distributed over [ 3, 3] . The instantaneous amplitude of each path has a Rayleigh fading. The uplink and downlink have independent Rayleigh fading for the FDD system considered in the simulation. The phase shifts of each path are uniformly distributed over [0, 2 ] .
For each of the three cases of 1, 20, and 40 total active users, we randomly generate 1000 parameter sets for each case. For each parameter set, we calculate the fields received by each antenna element and find the required weightings for the downlink using the five beamforming techniques. For the downlink, we assume that the base station transmits equal power for each user channel. Using the propagation model described in the previous paragraph, we calculate the downlink SINR after the mobile station's RAKE combiner. For the three different numbers of active users, we count the cumulative distribution function of the SINR for five different beamforming techniques. The SINR statistics are shown in Fig. 8(a) and (b) , respectively. Fig. 8(a) compares the performance obtained by the single-beam method and the multiple-beam method. It is seen that in the low SINR region, the multiple-beam method has a better SINR performance because the probability that all paths having deep fading is much smaller. In the high SINR region, the single-beam method has a better SINR performance because at the mobile receiver it has a stronger desired signal and a smaller interference, as explained in the previous example. Fig. 8(b) compares the SINR performance obtained by the complex conjugate method, the DOA method with equal gain, and the DOA method with maximal ratio, all using the multiple-beam beamforming technique. It is seen that the DOA method has a better performance than the complex conjugate method. The maximal-ratio method has a slightly better performance than the equal-gain method, but the difference is very small.
V. DISCUSSION AND CONCLUSION
In this paper, we study and compare the uplink and downlink SINR performance when different beamforming techniques are applied in the antenna array of the base station. In the up- link, we compare the DOA method and the complex conjugate method. We found that these two methods have almost the same SINR performance. However, the complex conjugate method does not need any additional computation loading. In the downlink, we compare the single-beam and multiple-beam beamforming techniques. We found that the multiple-beam method has a better SINR performance in the low SINR region because the single-beam method is more likely to suffer from deep fading. In the moderate or high SINR region, the single-beam method has a much better SINR performance because it has a higher antenna gain in the main path direction and a smaller angular coverage of the mainlobe, which will result in a stronger signal level and smaller MAI at the mobile receiver. Furthermore, it can reduce the delay spread of multipaths. The complex conjugate method will shift the downlink mainlobe slightly due to the difference in carrier frequencies between the uplink and the downlink. This will cause SINR degradation. However, the degradation is smaller than 1 dB. Therefore, the complex conjugate method is a valuable method if the DOA information is not needed for further applications. We also found that the DOA method with maximal-ratio gain has a slightly better SINR performance than that with the equal-gain beamforming. However, the difference is very small.
